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 Abstract—Two stage cascaded converters are widely used 
in bidirectional applications, but the negative impedance 
may cause system instability. Actually the impedance 
interaction is much different between forward power flow 
and reversed power flow, which will introduce more 
uncertainty to the system stability. This paper proposes a 
control method for the constant power controlled converter 
in cascaded system, and consequently it can change the 
negative impedance of constant power converter into 
resistive impedance, which will improve the cascaded 
system stability, as well as merge the impedance difference 
between forward and reversed power flow.  This paper 
addresses the analysis with the topology of cascaded dual-
active-bridge converter (DAB) with inverter, and the 
proposed control method can also be implemented in 
unidirectional applications and other general cascaded 
converter system. The effectiveness has been validated by 
both simulation and experimental results. 
 
Index Terms-- Bidirectional control, cascaded converter, 
impedance interaction, impedance control, system stability. 
I.  INTRODUCTION 
With the increasing of renewable energy based power 
generations, the power electronics converters are widely 
used as the flexible and efficient interface component for 
connecting renewable energy systems with the utility grid, 
as well as local loads [1]. Among the power converters, 
the cascaded topologies are widely used in the PV plant, 
energy storage system, wind power system, motor drives 
and many other applications [2]. 
Required by higher demands on the performance of 
AC/DC or DC/DC converters, filters, DC buses, complex 
loads, the design of power system is constantly increasing 
[3]. In 1979, Middlebrook analyzed that for the cascaded 
system, the stability not only relies on the well designing 
of individual converter, but also the impedance 
interaction between the cascaded sub-converters, known 
as the impedance interaction [4]. Gradually the design is 
shifting from the knowledge of controlling single device, 
to coordinating the connected sub-devices. So the 
impedance-based stability and transient-performance 
analyses are applied in more and more occasions [5].  
One problem for cascaded converter system is the 
potential stability degradation, and this may occur when 
connecting two individual controlled switching 
converters in series. This phenomenon can be figured 
with two interpretations [6]: One is that the stability 
degradation is caused by the interaction among the 
feedback loops between the interconnected converters; 
the other interpretation recognizes the problem as the 
constant power load (CPL) effect. Under constant  
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Fig. 1 Cascaded converter with two elementary converters (front-end 
DAB and rear-end three-phase inverter). 
instantaneous power control, viewed from the input 
terminal, the converters behave as a constant power loads 
[7], which is called negative impedance.  The negative 
impedance tends to destabilize the power system [8].  
The stability in cascaded converter can be evaluated by 
the impedance interaction. If the source converter output 
impedance  is much less than the load converter 
input impedance, the stability of the cascaded system can 
be guaranteed, called Middlebrook criterion. Several 
other criterions were developed in the past few years [9]. 
But in bidirectional applications, when power flow 
reverses, the impedance of CPLs will become resistive 
impedance. This variation will introduce more 
uncertainty to the system stability.  
In this paper, an impedance coordinate control method 
for CPLs is proposed. In the proposed control, the CPL 
converter behave as resistive impedance in both forward 
and reversed power flow, and this can not only get rid of 
the instability introduced by the negative impedance in 
conventional control, but also make the system behave 
unified between forward and reversed power flow.  
Where galvanic isolation is required, the DC-DC 
converter must have a high-frequency transformer 
included, like the Dual-Active-Bridge (DAB) converter 
shown in Fig. 1, when cascaded to the voltage-source 
inverter. The DAB converter has been used solid-state 
transformers, and is generally attractive because of its 
high power density, bidirectional power flow ability and 
zero voltage switching [10]. It is therefore the chosen 
sub-converter for cascading with the inverter to form the 
DABCI converter (C and I stand for cascaded and 
inverter respectively). Other sub-converters can also be 
cascaded without affecting control findings uncovered in 
the paper.   
II.  IMPEDANCE INTERACTION MODELLING AND ANALYSIS  
A.  Impedance interaction in bidirectional applications 
To illustrate the effects of source-load converter 
interactions, the system can be spilt into two sub-systems: 
the source and the load sub system, as in Fig. 2. 
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Fig. 2 Inter connection of the cascaded sub system 
The overall input to output transfer function is [11]: 
 BAB A B
A m
output 1G G G
Input 1 T
= =
+
 (1) 
where ܩ஺஻is the overall input to output transfer function; 
ܩ஺ is the input to output transfer function of source sub 
system. ܩ஻  is the input to output transfer function of 
load sub system. ௠ܶ is the impedance interaction item, 
defined as the minor loop gain[12].  
If the source sub system is voltage fed converter, 
which means the source converter  controls the output 
voltage, then the minor loop gain ௠ܶ is defined as[13]: 
 out Am
in B
ZT
Z
−
−
=  (2) 
where out AZ −  is the output impedance of sub source 
system; in BZ − is the input impedance of sub load system. 
If the source sub system is the current fed converter, 
which means the output A is current controlled, then the  
minor loop gain mT becomes as[14]: 
 in Bm
out A
ZT
Z
−
−
=  (3) 
So in the minor loop gain mT , the numerator has to be 
the internal impedance of the subsystem containing the 
voltage source or load, and the denominator impedance 
have to be the internal impedance of the subsystem 
containing the current load or source, respectively. 
Returning to Fig. 1, between the two sub-converters 
is a DC-link capacitor ܥଶ  for smoothening voltage 
ripple in the steady state [15], which otherwise, may 
affect stability of the cascaded converter [16]. 
Conventionally for the voltage ௗܸ௖ across ܥଶ to be 
regulated by a controller through one of the sub-
converters [17,18]. The other sub-converter will then 
control power flow through the overall cascaded 
converter. 
B.  DAB impedance modelling 
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Fig. 3 DAB converter topology 
DAB converter consists of two H-Bridges and a high 
frequency transformer, as shown in Fig. 3. The 
transferred power can be controlled by the phase shift 
between the two H-Bridges, and the average current of 
DAB converter can be derived as: 
 
1
(1 D)
2
in
L
s
VI D
nf L
= −  (4) 
where ݊  is the transformer turns ratio between 
secondary side and the primary side.  ௦݂ is the switching 
frequency. ܦ ൌ థగ  is the duty ratio of the phase shift. 
inV  and oV are respectively the input and output voltage 
of DAB converter. ܮଵ is the leakage inductance of the 
high frequency transformer.  
So DAB converter is a current source converter [19], 
then the DAB voltage control loop can be designed with 
inner average current loop [20].Fig. 4 shows the voltage 
control diagram. In the voltage controller, G is the gain, 
and it will be used to illustrate the relationship between 
the DAB output impedance with this controller gain. 
According to Fig. 4, the DAB output impedance can 
be expressed as: 
 ( )2 VP Vi I DAB
o
out DAB
o
V sZ
Cs K s K GI G
−
− + +
= − =
⋅
  (5) 
where I DABG −  is the closed loop transfer function of 
current loop, which can be obtained by Fig. 4. The bode 
plots of DAB output impedance can be shown in Fig. 5. 
As in Fig. 5, DAB output impedance is inductive at 
low frequency range and capacitive at high frequency 
rage. The output impedance increases with the reducing 
of voltage controller G. According to Middlebrook 
criterion, this increasing of output impedance will make 
the cascaded system more unstable, because the voltage 
controlling source converter becomes slower, more 
difficult to maintain the DC-link voltage stable. 
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Fig. 4 Small signal model of DAB with double-loop voltage control  
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Fig. 5 Bode plots of DAB output impedance 
When power flow reverses, DAB becomes the load 
converter, but its control diagram remains the same, then 
the input impedance in reversed power flow is the same 
as the output impedance in forward power flow. 
C.  Inverter impedance modelling 
Fig. 6 shows the inverter topology and control scheme. 
As shown, the grid connected inverter consists of three 
phase half bridges with inductor filer, and r is the 
parasitic resistance of the inductor. The control unit is the 
open loop direct power control [21], which is built under 
the synchronous rotation frame, and it is a typical 
constant load converter. 
L ACBusV
PhaseA
PhaseB
PhaseC
r
9Q
10Q 14Q
C
dcV
11Q
12Q
13Q
   
(a)Topology of grid connected converter 
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(b)Inverter control scheme 
Fig. 6 Topology of grid connected inverter  
The inverter input impedance in forward power flow 
and output impedance in reversed power flow can be 
expressed as (5)(6).  
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Δ
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The impedance modelling detail can be found in [22]. 
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Fig. 7 Bode plots of the Input impedance of inverter with the variation 
of K୧from 0.2 to 2 pu 
The ܩ௏೏೎ூ೏  and ܩ௏೏೎ூ೏തതതതതതതത are respectively the transfer 
function from the input of DC-link voltage to the output 
of D axis current, as: 
 ( )dc d
d
V I 2
dc P inv dc i inv
D sG
Ls r V K s V K
− −
−
=
+ + +
  (7) 
 ( )dc d
d
V I 2
dc P inv dc i inv
D sG
Ls r V K s V K
− −
=
+ + +
  (8) 
Fig. 7 shows bode plots of inverter input impedance, 
and the rectifier mode output impedance. As shown, the 
inverter input impedance is negative in the low frequency 
range, with the phase shift of -180◦. With the increasing 
of frequency, the phase shift increases from -180◦ towards 
90◦. The rectifier output impedance is resistive in the low 
frequency range, different from the inverter input 
impedance in forward power flow. For the constant 
power converter with the same value of transmitted 
power, the output impedance in reversed power flow has 
an opposite sign with the input impedance in forward 
power flow. 
So for the converter under constant power control, in 
the low frequency range, the input impedance in forward 
power flow is negative, but the output impedance in 
reversed power flow is resistive. Because of the 
difference in the impedance calculation, as in (5) and (6), 
the low frequency input impedance in forward power 
flow is െሺܸୢ ୡଶ ሻ ⁄ ܲ , while the output impedance in 
reversed power flow is ሺܸୢ ୡଶ ሻ ⁄ ܲ. 
D.  Impedance interaction in conventional control 
Based on the aforementioned impedance modelling, 
the minor loop gain of the impedance interaction (Tm) can 
be obtained, as shown in Fig. 8. In forward power flow, 
the phase shift of ௠ܶ is from 630° in the low frequency 
range to 180° in the high frequency range; in reversed 
power flow, the phase shift of ௠ܶ is from 90° in the low 
frequency range to -155° in the high frequency range. So 
dramatic phase shift in forward power flow indicates the 
stability in reversed power flow is better than forward 
power flow. The nyquist plots of ௠ܶ in both forward and 
reversed power flow are shown in Fig. 9. 
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Fig. 8 Bode plots of the minor loop gain ( ௠ܶ) in bidirectional 
applications 
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Fig. 9 Nyquist plots of the minor loop gain in bidirectional application 
As shown in Fig. 9, the blue line is the nyquist plot in 
forward power flow, and the green line is the nyquist plot 
in reversed power flow. Under the same situation, the 
gain margin in reversed power flow is much bigger than 
forward power flow, which means that this cascaded 
system in reversed power flow is more stable than that in 
the forward power flow. 
Without changing the control scheme, the stability 
difference in forward and reversed power flow may 
introduce more uncertainty to the cascaded system. So 
this paper proposed an impedance coordinate control for 
the cascaded converter, and it can modify the negative 
impedance of CPLs into resistive load, and greatly merge 
the stability difference in both forward and reversed 
power flow.   
III.  IMPEDANCE COORDINATIVE CONTROL FOR THE 
CASCADED CONVERTER  
As previously mentioned, the impedance of voltage 
controlled DAB converter stay the same between forward 
and reversed power flow, but the impedance of constant 
power converter is different between forward power flow 
and reversed power flow. In the proposed control, the 
impedance of constant power converter is modified to 
have the similar performance between forward and 
reversed power flow. To change the impedance of 
constant load converter, an impedance controller is 
implemented in the power loop. The control scheme of 
the proposed control is shown in Fig. 10. 
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Fig. 10 Control scheme of the proposed control 
A.  Impedance Modelling 
With the impedance controller, inverter input 
impedance can be obtained as:   
 
U
dc d
dc dc
INV in *
in d V I in
V VZ
I 1.5 G I−
= =
−
Δ
Δ
 (9) 
where ܩ௏೏೎ூ೏כ  is the transfer function from the input of 
DC voltage to the output of current on the D axis in the 
rotation frame, and it can be obtained by(5)(6), as well as 
Fig. 10, and then it can be shown as Fig. 11. 
1
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Fig. 11 Block diagram of GVDCIౚכ  
 ( )
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dc d
Z* d
V I 2
dc P inv dc i inv d
G sD sG
Ls r V K s V K U
− −
= +
+ + +
(10) 
where ܩ௓ሺݏሻ is the transfer function of the impedance 
controller.  
As shown in (10), ܩ௏೏೎ூ೏כ  is sum of ܩܸ݀ܿܫ݀  in 
conventional control and the impedance controller ܩ௓ሺݏሻ ܷௗ⁄ . 
Then the input impedance in the proposed control can be 
obtained as (11). In reversed power flow, the output 
impedance in rectifier mode can be expressed as (12). 
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Fig. 12 Block diagram of ܩ௏ವ಴ூ೏כതതതതതതതത 
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Δ
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where ܩ௏೏೎ூ೏തതതതതതതത
כ is the transfer function from the input of 
DC-link voltage to the output of D axis current, as shown 
in Fig. 12, and it can be expressed as:  
 ( ) ( )dc d
* d
V I Z2
dc P inv dc i inv
D sG G s
Ls r V K s V K
− −
−
= +
+ + +
 (13) 
Then the output impedance in rectifier mode is: 
   ( ) ( )U dc d
* dc dc
INV o
o Z o d V I
V VZ
I 1.5G s I 1.5 G−
= − =
+ −
Δ
Δ
 (14) 
Based on (11) and (14), the consideration is to increase 
the input impedance and output impedance, as well as get 
rid of the negative impedance. Then the choice is that the 
dominators in (11) and (14) are both positive with small 
value. As in (11) and (14), if 1.5ܩ௓ሺݏሻ ൐ ܫ௢  and 
1.5ܩ௓ሺݏሻ ൐ ܫ௜௡ , then the negative input impedance in 
(12) can be avoided. To make the system impedance 
unaffected by the reference current, 1.5ܩ௓ሺݏሻ can be 
designed as a constant value with more than 5 times of 
the reference current. But the value of ܩ௓ሺݏሻ is not the 
larger the better, because arbitrarily increasing the value 
will introduce instability problem, and also will reduce 
the impedance of the inverter. So the utmost value of the 
impedance controller is the stability area in the inverter 
control block diagram of Fig. 10.  
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Fig. 13 Inverter Input and output impedance with the impedance 
controller 
The input and output impedance of the proposed 
control is shown in Fig. 13. As shown, in the low 
frequency range, the input impedance in forward power is 
a litter larger than the output impedance in reversed 
power flow. But as a whole, the input impedance in 
forward power flow is almost the same as the output 
impedance in reversed power flow, so the negative 
impedance in conventional CPL turns to resistive 
impedance in the proposed control, then impedance of 
constant power inverter behaves almost the same in 
bidirectional performance. 
B.  Analysis of minor loop gain 
Fig. 14 shows the bidirectional minor loop gain. As 
shown in Fig. 14, the minor loop gain in forward power 
flow becomes similar with reversed power flow, and the 
phase shift is almost the same as reversed power flow, 
which means the impedance interaction in the proposed 
control behaves the same in the both forward and 
reversed power flow.  
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Fig. 14 Bode plots of T୫ in the proposed control 
Fig. 15 shows the nyquist plots with the variation of 
DAB output impedance, and both the proposed and the 
conventional control are included. 
Returning to Fig. 5, with the decreasing of voltage 
controller gain, the DAB output impedance will enlarge, 
and this increment will deteriorate the system stability. 
The nyquist plots with the variation of DAB output/input 
impedance are shown in Fig. 15. In Fig. 15, the input and 
output impedance of DAB are represented by ܼ஽஺஻. 
In Fig. 15 (a) in the forward power flow with 
conventional control, the nyqusit plots are approaching 
the point of (-1,0) with the increasing of DAB impedance, 
which means that the stability is tending to be unstable. 
In Fig. 15 (b), in reversed power flow with conventional 
control, with the increasing of DAB impedance, the 
nyquist plots show that the stability is still stable. So in 
conventional control, the stability in reversed power flow 
is more satisfied than forward power flow.  
In Fig. 15 (c) and (d), with the increasing of DAB 
impedance, both the nyquist plots show that nyquist plot  
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Fig. 15 Nyquist plots with the variation of DAB output impedance 
stay away from the unstable point (-1,0), meaning that the 
system are still stable. So in the proposed control the 
stability in both forward and reversed power flow are 
both satisfactory, with similar manifestation. 
IV.  SIMULATION AND EXPERIMENT RESULTS 
In order to test the proposed control, a simulation 
model has been built in the simulation software of 
PLECS, and a scaled down prototype has been built in 
the experiment.  
A.  Simulation results 
The simulation parameter is shown in Table1. The 
converter impedance can be measured by the variations 
of current and voltage output under certain frequency.  
TABLE I 
SIMULATION PARAMETERS 
PARAMETER Value PARAMETER VALUE 
 400V L 3mH  
 800V C 100uF 
 311V L1  0.1mH 
 
Fig. 16 shows the measured inverter input impedance 
in forward power flow and the rectifier output impedance 
in reversed power flow. As shown, the output impedance 
is a litter smaller than the input impedance in forward 
power flow, and it is the same as the calculated results in 
Fig. 13. Both the input and output impedance are resistive 
in the low frequency range. 
 
 
Fig. 16 Impedance measurement of the proposed control 
To compare the stability differences, the output 
impedance of DAB converter is intentionally increased, 
then the system stability will be deteriorated, as shown in 
Fig. 15. In the simulation, the power reference is a 
periodic square wave, with the period of 1 s, changing 
between -5000kW and 5000kW. Fig. 17 shows the 
simulation results. Before 1.4s, it is the conventional 
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Fig. 17 Simulation results of conventional control and the proposed control 
control, and after 1.4s is the proposed control. As shown, 
in conventional control, the oscillations in forward power 
flow are more severe than in the reversed power flow, 
and it indicates the stability in reversed power flow is 
better than that in the forward  
flow. While in the proposed control, under the same 
condition, the oscillation in forward power flow has much 
been greatly damped in the forward power flow, and the 
dynamic performance of forward power flow is almost 
the same as the reversed power flow. So the stability in 
the proposed control is almost the same between forward 
power flow and reversed power flow.  
B.  Experiment results 
A scaled down prototype has been built. In the 
experiment, the power reference is the periodic square 
waves, between 400W and -400W, with the period of 2s. 
Fig. 18 shows the experiment results. Before the dash 
line, the control is conventional control, and after dash 
line, the proposed control is activated. 
As shown in Fig. 18, in conventional control, the 
dynamic oscillation in forward power flow is more server 
than in the reversed power flow. While in the proposed 
control, the oscillations become smaller and similar 
between forward and reversed power flow. It can be seen 
that the proposed control can improve the stability in 
forward power flow, and makes the system have with 
similar stability between forward power flow and 
reversed power flow.  
Fig. 19 depicts the waveforms of DC-link voltage, 
inverter power and current output. As shown in Fig. 19 
(a), in conventional control, inverter current and power 
has small oscillations when the power output is 400W. 
While in Fig. 19 (b), the proposed control, the steady 
state of power output is much better.  
Fig. 20 shows the experiment results of DC-link 
voltage and DAB power, current output. As shown, in 
conventional control, there is significant oscillation in 
DAB current and power output, while in the proposed 
control, the waves forms become much stable.  
 
Fig. 18 Experiment results of the DC-link voltage and DAB inverter 
power output 
 
(a) Conventional control 
 
(b) The proposed control 
Fig. 19 Experiment results of the DC-link voltage, inverter power and 
current output 
  
Fig. 20 Experiment results of the DC-link voltage, DAB power and 
current output 
V.  CONCLUSION 
With the existence of CPLs converter, cascaded 
system stability in forward power flow is worse than the 
reversed power flow. This paper proposed an impedance 
coordinate control for the two stages cascaded converter. 
The proposed control can improve the stability in forward 
power flow, and make the impedance interaction behave 
more similar between forward and reversed power flow. 
The impedance modelling has been offered, as well as the 
bode plots and nyquist plots. In the proposed control, the 
constant power controlling converter behaves as resistive 
impedance, and behaves more unity in different power 
flow direction. The proposed control can also be 
implemented in the cascaded converter system with other 
topolgoy. The conclusion has been validated by both the 
simulation and experimental results. 
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